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Low  lempeiaiure  molecular  luminescence  spectroscopy  (LTMLS)  techniques 

structures.  If  the  analyte  is  frozen  in  a select  matrix,  the  resolution  and  sensidvity  of 
LTMLS  is  very  high.  LTMLS  is  a logical  ehdce  as  a detection  method  for 
separation  techniques,  because  the  lesoludon  of  the  separation  techniques  is  coupled 
with  the  spectral  resolution  achieved  by  the  detector.  Such  work  has  been  performed 
with  ftacDons  ftom  liquid  chromaiogtaphy  (LC).  and  with  eluent  from  gas 
chromatography  (GC). 


Until  now.  such  detectors  have  been  cumbersome;  able  to  sample  for  a period 
me.  but  requiring  a warm-up  period  to  clean  the  sample  cdl.  A self-cleaning 


apable  of  samplin 


bill  was  plagued  with  high  background  signal.  Additionally,  choice  of  nalrlces  w 
limited  to  gases  or  gaseous  solutions. 

In  this  work,  the  LTMLS  system  was  improved,  eliminating  the  backgioun 
signal,  enhancing  spectral  resolution,  and  increasing  poicnlial  sensitivity.  The  mov 
belt,  which  collected  the  sample  and  positioned  it  for  the  optical  system,  was  modi 
to  allow  a gear  driver.  Bell  slippage  was  climmaled,  and  reproducible  speeds  were 
ensured. 

The  focus  of  the  woiii  was  to  create  a dual  capillary  transfer  line,  enabling 
eluent  from  the  GC  to  be  co-deposited  and  frozen  with  the  matrix  of  choice.  In  th* 
way,  the  analyte  need  not  be  soluble  in  the  matrix,  and  Ihe  separation  remained 
unaffected  by  the  addition  of  Ihe  matrix.  Because  the  amount  of  a component  in  a 
gaseous  solunon  is  limited  by  its  vapor  pressure,  optimal  amounts  of  a given  nuirii 
may  not  be  easily  obtained.  A solvent  reservoir  was  then  designed  which  extended 
range  of  matrices  to  less  volatile  substances.  The  reservoir  was  a stainless  steel 
cylinder  with  high  pressure  ftthngs  in  which  Ihe  desired  volatile  liquid  was  healed. 
Vapors  were  controlled  by  a low  pressure  regulalor  and  needle  valve  which  were 
calibrated  for  the  desired  flow.  The  results  from  this  portion  of  Ihe  work 
demonstrated  the  udlity  of  such  a reservoir,  which  is  inexpensive,  simple  in  design 
and  versatile. 


CHAPTER  I 

LOW  TEMPERATURE  MOLECULAR  LUMINESCENCE  SPECTROSCOPY 
Inlroduclion 

Cooling  molecules  lo  cryogenic  lempeiacures  has  long  been  known  as  a means 
of  enhancing  iheir  lumineseenc*  spectral  resolution  [I],  In  general,  the  bands  ate 
narrower  and  signals  higher  than  those  obtained  under  room  lemperaiure  conditions. 
Low  temperatures,  alone,  however,  do  not  afford  the  fine  spectral  resolution 
sometimes  seen:  Environmental  factors  also  contribute  to  the  bandwidth  of  molecular 
luminescence  qiectn.  Those  specin  taken  when  the  molecules  of  interest  are  isolated 
from  one  another  have  significantly  narrower  bandwidlhs  due  lo  decreased  energy 
transfer  mechanisms.  Several  techniques  which  utilise  this  concept  are  frequenUy 
used;  supersonic  jel  expansion,  matrix  isolation,  and  Shpol'skii  spectroscopy.  Each 
of  these  lechnlques  will  be  addressed  and  Table  1 is  a comparison  of  the  techniques. 

Before  brcedening  mechanisms  are  discussed,  a brief  discussion  of  the 
phenomenon  of  luminescence  vrill  be  introduced.  Figure  1. 1 is  a Jablonski  diagram, 
adapted  from  Ingle  and  Crouch  t2J.  in  which  the  energetic  processes  of  luminescence 

between  eleelronic  stales  of  the  same  multiplicity  (S,-SJ  and  between  vibrational 
suies  whose  vibrational  quantum  numbers,  v,  differ  by  0.  or  by  btegral  values.  TTie 


spectroscopy.  (Taken  from  iteferoicel)  ecular  luminescenc 


3rt>ed  is  dependen 


<0  ia‘>s  12J. 

iust  as  ihe  molecule  has  defined  roules  of  absorption  of  energy,  il  also  has 
defined  radiabve  decay  parameters.  The  favored  roule  of  decay  Is  that  which 
minimiaea  the  lifetime  of  the  eacited  state.  Thus,  the  process  with  the  mote  favorable 
rale  constant  is  often  the  observed  process  [3].  Vibrationaf  refaxation  is  denned  as  the 
ioss  of  energy  within  an  eieclronic  stale  as  the  excited  vibrational  levels  lose  energy 
through  thermal  or  vibrational  motion.  In  solutions,  this  process  continues  through 
many  collisions  until  the  electron  moves  to  the  lowest  vibrational  level  of  the 
electronic  slate.  In  gas  phase  or  crystalline  matrices,  however,  this  relaxation  may 
rtot  completely  depopulate  Ihe  higher  vibrational  levels  of  the  excited  slate  due  to 
decreased  collision  frequency.  Thus,  while  oily  tiansitions  Itom  Ihe  v’=Q  state  may 
be  c* served  for  solution  samples,  other  transitions  may  be  observed  in  the  gas  phase 
or  in  crystalline  matrices. 

Fluorescence  Is  defined  as  the  Iransition  from  a vibrational  level  of  the  excited 
stale  (S|)  to  any  of  the  vibrational  levels  of  the  ground  Male  (S,).  From  lAese  allowed 
processes,  only  clearly  defined  wavelengths  should  be  seen  from  a given  molecule. 

electronic  stales  of  the  same  multiplicity.  Thus,  a triplet  to  singlet  transition,  or  vice 

n is  flipped,  resulting  in  some  triplet  character  of  the  excited 


sidden. 


sinilei  sui«.  and  the  excited  triplet  slate  created  has  some  singlet  stale  charaiset. 

This  process  is  termed  singlM-triplei  mixing.  In  this  way.  a process  termed 
‘iniersyslem  crossing'  occurs,  wherAy  the  iripiet  stale  may  be  populaled. 

Phosphorescence  is  defined  as  Ihe  transition  from  a vibrational  level  of  the 
triplel  stale  (T)  to  any  of  the  vibrational  levels  of  the  ground  state  <Sg).  As  this 

longer  than  that  of  either  the  single!  excited  stale,  fluorescence  (10'"  lo  Itf*  s),  or 
vibrational  relaxation  (HT"  lo  lO"'’  s).  Because  energy  is  lost  in  the  vibrational 

wavelengths  than  those  of  the  excitation  spectrum  |2|. 

the  long  lifetime  of  the  triplet  stale,  which  has  an  increased  probability  of  collisional 
transfer  of  energy  to  solvent  and  Impurity  molecules,  compared  lo  that  of  Ihe 
competing  processes  [4],  Procedures  which  reduce  Ihe  collisional  deactivation  include 
freezing  the  sample  solution,  or  placing  the  sample  on  a solid  subsiraie  such  as  filter 
paper  or  TLC  plates  [5,6.7].  Room  lempcraiure  solution  phosphorescence  may  also 
be  observed  if  heavy  atoms  are  Introduced  into  ihc  solution  [8],  if  a micellar  solution 
of  Ihe  analyte  is  made  [9],  or  in  sensitized  phosphorescence  in  which  the  analyte's  T, 
ene^y  is  transferred  to  an  acceptor  molecule,  which  then  phosphoresces.  Suitable 
acceptor  molecules  are  1 ,2.dibromDnaphthalene  and  biecetyl  [4]. 

Scattering  processes  may  also  take  place  in  molecules  interacting  with  the 
excitation  ladution.  If  the  scattering  is  elastic,  the  scattered  radiation  has  Ihe  same 


Rayidgh  somering.  Ifi 


emiiied  radUUon  U inelastic,  meaning  Uial  ils  energy  differs  from  dial  of  the 
eiciiation  source,  Raman  scattering  is  seen.  Ifthe  molecule  is  enciied  to  a vimial 
energy  level  (one  whose  energy  lies  just  below  an  electronic  state),  nonresonance 
Raman  scattering  can  occur.  If  the  emission  mdiatian  is  of  higher  ene^y  than  the 
absorbed  radiation,  this  is  termed  a Stokes  transition.  If  the  emitted  radlabon  is  less 
energetic  than  the  ertcitalion  radiation,  this  is  termed  'anti-Stokes'  transition. 
Resonance  Raman  is  a technique  in  which  the  molecule  is  excited  to  an  energy  level 
very  close  to  that  of  an  electronic  absorption  band.  The  emitted  radiation  is  a direct 
transibon  from  the  v’  state  to  a V state,  which  occurs  without  vibrational  relaxabon. 
The  resonance  Raman  emission  is  immediate  compared  to  the  much  slower 
fluorescence  with  a nanosecond  lifetime,  and  can  be  dislinguished  from  fluorescence 
by  signal  development  and  decay  lime  using  a pulsed  laser.  Additionally,  Raman  can 
be  observed  with  the  excitation  slighUy  ^ve  or  below  that  of  the  vibrational  level,  in 
near-resonance  Raman,  while  fluorescence  cannot-  The  cross  section  of  a Raman 
Iransidon  is  very  sraali  compaied  to  fluorescence;  usually  the  Raman  signal  is  not 
detectable  in  the  presence  of  a fluorescence  signal  [2). 

Allhough  electronic  Uansititms  are  defined,  it  is  passible  that  the  observed 

spectrum  Include  environmemal  influences,  such  as  a magnetic  fields,  solvent  effects, 
electric  fields,  or  energy  transfer  mechanisms.  These  effecls  are  usually  termed  band 


broadening  mechanisms  in  (hat  the  expected  transition  is  actually  expressed  as  a 
combination  of  innsiiional  lines  pj. 

Band  Bniadeiiine  Meclianisms  in  Molecular  Snecimienpy 
Homogeneous  broadening  mechanisms  are  those  processes  common  to  all 
molecules  of  the  same  type  in  a sample.  This  broadening  may  be  due  to  deactivation 
of  populated  excited  suu»  by  collision  or  may  be  due  to  Ihe  simultaneous  eacilaiion 
of  multiple  vibrational  or  rolalionaJ  levels  of  a given  molecule.  These  mechanisms 
are  Independent  of  enviromnental  conditions  other  than  temperature. 

As  the  temperature  is  lowered,  Ihe  number  of  collisions  decreases,  so  that  the 
lifebme  of  the  excited  state  of  the  molecule  is  increased.  The  relationship  of 
linewidth,  dv.  to  transition  lifetime,  r.  is  described  by  Heisenberg  [2]  as 


where  r is  in  s,  c is  the  speed  of  light  in  cm  s*’,  and  dv  is  in  cm*'.  Because  Ihe 
lifetime  is  uncertain,  Ihe  ^sectral  linevridlh  is  a distribution.  The  term  given  to  Ihe 
broadening  due  to  this  uncertainly  is  ‘natural  broadening.*  Another  implicabon  of 
this  relationship  is  that  if  an  excited  state  is  long-lived,  it  will  have  a natrow 
transition  linewidth  [I]. 

Another  type  of  broadening  relates  to  the  close  spacing  of  the  vibrational  levels 
of  molecules.  A simple  description  of  this  is  given  using  the  harmonic  oscillator 
model,  where  dE.  is  the  energy  gap  defined  by  the  vibrational  transilion  (cm  '), 
where  A is  Planck's  constant  divided  by  2r  (Js),  where  k is  the  oscillator  force 


consuni  (dyne  cm  '),  |i  » ihc  reduced  ma»s  of  die  groups  involved  in  Uie  vibration 
(g),  and  V is  die  vibrational  quamuiti  number.  For  die  larger  molecules  studied  in  ttlis 
work,  die  reduced  mass  is  large,  hence  the  energy  gap  is  small.  Because  these 
vibrational  levels  ate  closely  spaced,  several  may  be  populated  by  die  excitation 
source.  Each  populated  vibronic  stale  comribules  a line  to  the  plectrum.  The 
observed  linewiddis  may  be  a single  transition,  or  appear  as  an  unresolved  smeared 
sum  of  the  contributions,  which  leads  to  broadening  of  (he  apparent  emission 
linewidth  [10]. 

Similarly,  the  rotational  contribution  to  broadening  can  be  described  using  the 
rigid  tour  model  for  molecules  as  where  is  the  energy  gap  (J) 

between  the  rotational  levels  described  by  J,  the  rouiional  quantum  number,  . and  I 
the  moinem  of  inertia  (kgra*). 

(1^ 


aura  from  the  axis  of  rotation.  Again,  for  die  large  molecules  investigated,  these 


energy  levels  are  very  closely  spaced  allowing  mulliple  levels  to  be  populated.  The 
rotational  energy  gap  is  mucli  smaller  than  that  for  vibrational  levels,  however,  and  it 
Is  more  Hlcely  to  contribute  to  the  observed  homogeneous  broadening.  Whatever  the 
souits  of  homogeneous  broadening,  these  mechanisms  can  be  diminished  to  a 
negligible  level  at  low  tempeialures.  making  low  lemperalure  lechniques  desirable. 
Inhomogeneous  broadening  effecis  arise  from  variations  in  Ihe  electrical, 

the  capability  of  shifting  the  frequency  of  the  transition  of  the  emitted  line.  The 


Figure  1.2  The  orientalion  sites  of  » molecule  in  a ctyslalline  matrix  results  in  different 
ciyslal  field  inteiaciions  wilh  ihe  analyte  guest.  Each  difTeient  die  is  designated  by  a 
greek  letter.  This  figure  shows  some  possible  orienulions,  relative  to  the  cryslaJ  field, 
designated  ^ . (Taken  from  Reference  1) 


ne  due  to  motion  of  the  molecules  relative  to  the  detector.  If  the  molecule 
Is  moving  toward  the  detector,  it  appears  to  have  a higher  frequency  than  it  actually 
has.  If  it  is  moving  away  from  the  detector,  it  appears  to  have  a lower  frequency.  In 
liquid  solutions,  broadening  is  primarily  inhomogeneous  due  to  the  rapidly  varying 
interactions  of  analyte  molecules  with  the  solvent  [11],  These  efTecls  cannot  be 
reduced  because  the  environment  changes  fester  than  the  lifetime  of  the  eaciled  slate 
[12], 

In  condensed  phase  samples,  inhomogeneous  broadening  effects  may 
predominate  over  pressure  broadening  effects,  and  bands  in  solution  may  be  broader 
than  can  be  attributed  to  collisional  broadening.  In  the  gas  phase,  this  effect  is  seen  in 

with  the  crystal  lattice  gives  rise  to  lattice  vibrations,  resulting  in  a wing  on  the 
transition  linewidih.  called  a phonon  wing.  The  vibronic  transition  line  in  this 
environment  is  termed  the  zero  phonon  line,  or  ZPL,  designating  a liansiUon  in  which 
no  lattice  vibration  (phonon)  is  created  or  destroyed  In  the  matrix  [13],  Although  a 
zero  i^non  irandilon  has  a defined  energy,  interaction  of  the  molecule  with  the 
matrix  may  lead  to  a difference  in  the  encigy  of  the  observed  ZPL  and  that  of  the 
natural  or  mairix-fiee  transition.  Figure  1.3  shows  the  effect  that  the  phonon  wings 

One  means  of  comparing  spectral  resolution  in  low  temperature  molecular 
solids  is  to  compare  the  Debye-Waller  feaor,  a,  defined  as 
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Figure  1.3  Tiansition  lin«widUis  in  a crystalline 
showing  Ihe  2*ro  phonon  liiw  and  phonon  wing; 
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(I^ 


where  Izn.  is  >he  iniei»ty  of  the  zero  phonon  line  end  [„,  is  the  intensity  of  the 
phonon  wing.  The  higher  the  Debye  Waller  tutor  as  a approaches  the  value  of  one, 

vibrations  [14], 


reduction  of  the  number  of  possible  sites.  Fewer  sites  means  that  the  excitation 
energy  is  less  dispersed;  each  receives  a greater  proportion  of  the  energy  absorbed  by 
the  molecule.  Each  site  which  is  able  to  absorb  the  excitation  energy  yields  higher 
intensity  spectral  lines  than  in  a less  ordered  medium. 

When  a quantity  of  gas  In  a reservoir  at  high  pressure  is  allowed  to  expand 
through  an  oriftce  into  a region  of  low  pressure,  a high  degree  of  cooling  occurs. 

This  effect  is  known  as  supersonic  jel  expansion  and  an  excellent  review  of  the 
technique  in  analytical  meUiodology  has  been  publidred  [ISJ.  The  characteristic  of 
supersonic  jel  expansion  is  a highly  directional  flow  which  occurs  because  of  the  high 
number  of  collisions  in  Ihe  high  pressure  region  and  in  Ihe  noaale.  The  direcled  flow 
has  the  propeny  of  a narrow  velocity  disiribuBon  which  is  shifted  to  higher  flow 

consequence  of  the  direcled  flow  is  a very  high  densily  of  molecules  along  Ihe  axis  of 
expansion  which  is  Ihermally  protected  from  Ihe  environment  of  the  chamber  by  a 


Distance  from  Nozde 


Figure  1 .4  Supersonic  la  Diagram.  R designates  the  sampie  reservoir,  X,  designates 
the  free  Flow  r^me,  and  X.  designates  the  mach  zone.  (Adapted  from  Reference  15) 


!^ock  wave  ciaaied  by  the  eapansion.  A diagr 


in  Figure  M,  adapted  from  Hayes  and  Small  [15]. 

In  lilts  diagram,  R is  the  reservoir  region.  As  the  gas  passes  From  UK 
reservoir  into  the  chamber,  three  areas  ate  defined  by  their  axial  distances  from  the 
oriHce,  The  distance  designated  Xr  in  the  diagram  is  the  distance  at  which  the 
frequency  of  collisions  is  zero.  This  Is  the  start  of  the  free  molecular  flow  regime 
where  the  molecules  are  rolationally  and  vibrationally  cooled,  and  at  which  they  are 
free  from  matrix  and  ate  isolated.  Another  region  is  defined  as  the  Mach  disc,  at 
distance  X.  from  the  noeale.  This  is  the  distance  from  the  oozale  at  which  the  shock 
wave  ends.  The  shock  wave  acts  to  protect  the  molecular  beam  from  collision  with 

The  sampling  region  is  past  X,  and  is  in  the  inner  region  of  the  diagram, 

Desinte  the  region  being  fairly  high  in  density  a high  degree  of  dilution  is  inherent  in 
expansion.  One  means  of  making  the  sampling  region  more  focussed  is  to  use  a 

that  the  technique  can  be  coupled  to  low  flow  techniques,  such  as  supercridcal  fluid 
chromatography  and  gas  chromalography  [16,17],  Figure  1 .5  shows  the  two  no«le 
types  frequenUy  used.  Typically,  supersonic  jet  expansion  is  used  for  physical 
studies,  to  determine  fluorescence  speclral  lifeiimes  and  kinetics.  It  Is  not,  due  to 
dilution,  tyiacally  used  in  trace  analysis,  but  its  value  In  determining  characterisdes 
inherem  in  a molecule  is  obvious;  this  technique  is  free  from  all  matrix  effecls. 
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dB-lidWioj. 
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5 Simplified  supersonic  jei  nozzles;  a) 
In.  (Adapted  from  Reference  16) 


' simple  expansion  nc 


Matrix  IsolaLiun 

FIm  described  by  Pimentel  and  co-workers  In  1936,  mamx  isolation  Is  a 

cold  stage  and  froaen.  In  this  way,  the  molecules  are  held  in  place  so  that  a smaller 
number  of  sites  may  be  excited;  thus,  inhomogeneous  broadening  is  reduced.  In  this 
lechnigue,  only  the  emission  spectra  have  narrowed  bands  [IS],  The  matrix  used  can 
be  any  gas,  but  should  be  one  which  is  optically  transparent  in  the  wavelength  region 
of  interest  and  which  does  not  interact  with  the  analyte.  Frequently  the  matrix  is 
nitrogen  or  argon.  The  sample  can  be  of  any  type,  as  long  as  it  can  be  vaporiaed  for 
deposition. 

Uses  for  the  technique  have  been  to  capture  short-lived  species  for  study,  to 
capture  a reactive  intermediale  for  further  reaction  in  the  observation  area,  and  to 

decreased  inhomogeneous  broadening  [IJ.  The  resulting  spectra  have  narrower  and 
resolved  peaks.  The  molecules  do  not  lit  in  only  one  orientation  in  ihese  matrices, 
however,  and  multiple  sites  still  exist,  creating  significant  inhomogeneous  broadening, 
in  order  to  be  used  for  qualilaiive  luminescence  informabon,  a narrow  linewidlh 
source  is  necessary  to  minimize  the  sites  activated.  The  use  of  such  a source  to  select 
a .specific  transition,  or  zero  phonon  line,  is  called  ‘site  selecbon  spectroscopy"  or 
■fluorescence  line  narrowing"  (lg,19|. 


Fieeiring  pol)«yclic  aromatic  tiydnuarbons  in  an  n-alkane  matrix  resulu  in 
'quaai-line'  spectra.  This  ef1«ci,  first  noted  tiy  EV.  Shpol'skil  in  1960  [20|.  is  due 

matching.  In  this  technique,  both  the  absorption  and  the  emission  spectra  bands  are 
narrowed  [tSJ.  Aiihough  the  sites  are  iimiled,  the  crystal  is  not  homogeneous,  and 
Inhomogeneous  broadening  is  stiil  significant.  One  factor  controlling  the  homogeneity 

Figure  1.7  [21).  Because  this  technique  is  based  on  the  analyte  Titling  into  Ihelatbce 
of  the  Q-alkane  crystal,  it  is  limited  to  those  compounds  which  can  Tit  into  the  loibce 
easily,  that  is  to  say.  polycyclic  aromatic  hydrocarbons  (PAH).  For  most 
applications,  however,  there  is  the  adv^iage  that  Ihe  sample  can  be  of  any  phase. 

There  am  some  drawbacks  to  this  technique,  however;  Ihe  Tirsl  is  lhal  each 
analyte  has  a dlfferem  optimal  solvent  [22],  and  the  solvent  choice  can  cause  a shiA  in 
the  energies  of  the  observed  transitions,  shown  in  Figure  1.8.  it  is  also  more  likely 
that  pholodegradalion  of  Ihe  analyte  will  occur  in  a matrix  of  its  c^dmal  solvent.  The 

causes  the  matrix  lattice  to  vibrate  more  suongly.  If  the  lattice  frequency  is  resonant 
with  a vibrational  frequency  of  the  analyte,  significant  energy  transfer  may  occur 
which  can  lead  lo  degradation  oflhe  analyle  |I8,22|.  Another  limitation  to  the 


Figure  1.6  Rcletionslilp  of  nlvem  shape  and  dimension 

Length  and  geometry  are  boUi  a consideracioo.  Shown  here 

optimal  solvenu.  {Adapted  from  Reference  22) 
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Figura  1.7  ElTecl  of  Uie  rale  of  cooling  on  Ihe  ssmple  homogeneity.  As  is  . 
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Figure  l.S  Solvent  efTeci  on  the  observed  fluorescence  emission  ^reclnim  of 
7-melho«ifben20(a]p)Tene;  a)  Uie  lop  qieclrum  is  5 ppb  in  n-oclane;  b)  the  bottom 
specirum  is  300  pptr  in  a-decane.  Note  thal  the  observed  uansibons  are  not  at  the  same 
waveiengihs,  and  that  ihe  inlensity  is  greatly  affected.  (Taken  froni  Reference  i9) 


vaiy  widely  (23,24], 


Sile  selection  speelroscopy  is  s lechnique  which  can  be  used  with  any  of  the 
iow  lemperatiiie  techniques  in  Older  lo  diminish  the  effects  of  inhomo|cneous 
broadening.  Since  multiple  eicited  stales  can  be  populated  in  all  of  these  techniques 

lines  are  possible.  Site  selection  is  an  attempt  lo  eliminate  emission  spectral 

narrower  linewidth  than  the  natural  linewidth  of  the  transition,  then  only  the 
transitions  corresponding  lo  the  energy  supplied  will  be  seen  in  the  emission  spectrum 
as  very  narrow  lines  [18].  This  effect  is  seen  in  Figure  1-9. 

in  the  matrix.  While  site  selection  allows  any  matrix  to  be  suiuble,  a chatacierisUc 

lechnique  is  not  without  its  disadvantages  [18].  The  excitation  wavelength  must  be 
determined  through  trial  and  error;  it  is  likely  in  any  given  matrix  that,  not  only  wiU 
the  aero  phonon  line  of  the  analyte  he  excited,  but  also  the  phonon  wings  of 
inierferents. 


nicity[26].  The 


' incomplete  combustic 
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^re  1.9  Site  seleelion  spectra  of  » ll-methylbenifalanihraccrc  in  o-octane.  TTiree 
ales  are  pteseai  if  noo-sdeciive  esciution  is  used.  The  effect  on  ihe  observed 
fluo^ce  spKDi  is  seen  when  Ihe  three  sites  are  selectively  excited.  The  spectra  on 
Ite  left  are  ucnahon  spectra,  those  on  Ihe  right  are  of  fluorescence  enission.  The 
f^recenee  Imewidths  are  noticeably  narrower,  and  the  speclia  are  far  less  congested 
(Taken  from  Referent*  25) 


xiausi  from  cars  and 


diesel  trucks.  Because  most  PAHs  are  anthropogenic  in  origin,  regulation  of  the 
pollution  of  Ihe  environment  by  petroleum  companies  and  factories  requites 
techniques  which  are  able  to  identify  and  quanUfy  Ihe  compounds.  This  is  the 
application  to  which  Shporskii  spectroscopy  is  best  suited,  and  an  alias  of  PAH 
spectra  has  been  compiled  [27],  Petroleum,  soil,  waier,  air  paniculate,  and  food 
samples  have  all  been  analyred  for  PAHs  using  Shpol'skii  speclioscopy  [28,11,29], 
Up  uniil  now,  only  fractionaiion  has  been  used  for  Ihe  Shpol'skii  detection  of  LC 
eluent  (30,31),  and  no  continuous  sampling  CC  detector  has  provided  viable  results. 

Jones  and  Winefordner  [29]  designed  a self-cleaning  Shpol'skii  apparatus. 

continuously  sampling.  All  of  those  detectors  required  disassembly  and  warm-up  lime 

to  change  samples  (31,32).  Clos  crealcd  an  inierface  so  lhat  continuous  GC  sampling 
was  possible  (33],  This  system,  however,  had  its  drawbacks.  The  hexane  used  was 
part  of  a hexane-heilum  mixture,  and  the  ratio  of  matrix  to  solute  was  too  low  for 
isolation  of  the  molecules.  Addilionally,  Ihe  lemperaiure  and  pressure  of  the  system 
were  too  high  for  clearly  resolved  spectra. 

Focus  of  This  Work 

This  work  describes  a low-pressure  hexane  reservmr  which  supplies  a flow  of 
hexane  gas,  and  a dual  transfer  line  so  that  the  matrix  ratio  is  optimized.  In  this  way. 
the  GC  separaUon  is  unaffected  by  changing  the  flow  of  matrix  gas.  It  is  an 
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improvemeni  on  the  earlier  work  in  Ihnl  the  high  background  signal  has  been 
eliminated,  and  the  reproducibility  of  the  bell  speed  is  ensured. 

A study  was  performed  determining  Ute  optimal  matria  to  solute  ratios  using 
argon  for  matrix  isolation  studies,  and  performance  of  the  matrix  reservoir  is 
evaluated. 


• Reference  23 

• Reference  31 
■ Refeience  34 


chapter: 

LOW  PRESSURE  OUTLET  GAS  CHROMATOGRAPHY 


Rrsi  predicled  by  Giddlngs  in  1962  [3S],  capillary  GC  separation  where  the 

causes  Ihe  average  column  pressure  lo  drop.  Die  linear  velocity  to  increase,  and  the 
elTecls  are  lar-ianging.  Firsl,  the  analysis  lime  is  decreased  as  ihe  carrier  gas 

if  shon  columns  are  used  [37,38.39).  Finally,  greater  resolution  may  be  observed 
under  cenain  conditions  [40,39).  Although  Ciddings  is  regarded  as  the  first  to 
examine  this  technique  [33),  Eure  was  the  first  to  use  the  technique  in  the  laboratory 
[4]].  Leclercq  and  Cramers  have  written  progiams  lo  oblain  optimal  conditions  for 
the  separation  [42).  in  this  chapter,  the  paramelers  governing  these  effecu,  as  well  as 
those  which  apply  to  Ihis  analysis  melhod  will  be  addressed. 

Introduction 

In  order  to  discuss  chromatographic  phenomena  effectively,  several  parameters 
must  be  defined.  Table  2 gives  a description  of  the  mathematical  symbols  used,  and 
their  physical  significance;  the  malhemalical  foimulae  used  for  their  calculation  are 
described  below.  The  average  linear  velocity  of  the  mobile  phase  (also  designaled  v 


• ) is  calc 


sing  Equation  2.1. 


ofuslly,  m cs|Mlliry  ealumu.  Tlw  luffaer  tbe 


Table  2- 


29 

(2-1) 


ojuaiion  2,4, 


0.0 


Chroinslographic  peaks  are  assumed  lo  have  a Gaussian  disiribudon,  and  the  width 
measured  at  half  its  maximum  height  (FWHM)  can  be  derived  for  such  a peak,  as 
shown  in  Figure  2.1. 

With  this  inrormadon,  the  efficiency  of  a column  can  then  be  calculated  fiom 
equadon  2.S, 


(2J) 


FWHU  ' 

he  plate  height  (H)  can  be  calculated  using  equation  2.6. 


The  diffusion  coefficient  in  the  gas  phase,  can  be  calculated  using  Stol 
equadon  2.8  where  p is  the  density  of  the  gas  [40|.  The  values  calcul 


04) 


equation  2.9  J36).  where,  p.  is  atmospheric  pressure.  It  is  clear  that  decreasing  the 
outlet  pressure  causes  an  increase  In  the  observed  D,  values.  This  makes  perfect 
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of  the  FWHM 


Gaussian  Chromatogram  peak. 
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xnse  if  one  considers  Boyle's  law  for  gases;  the  ilecrease  In  anibiem  pressure  allows 
gas  to  expand  arKi  reduce  Us  density.  Equation  2.8  shows  that  the  diffusion 


coefEcieni  should  be  Increased  under  these  conditions.  The  change  In  the  diffusion 


coefficient  has  a significant  effect;  the  kinetics  of  the  interactions  are  faster  un 
vacuum  outlet  conditions  (361,  hence  analysis  lime  will  be  decreased,  and  the 
flow  velocity  will  be  changed  without  decreased  separation  efficiency. 


The  plate  height  of  an  open  i 
the  velocity  of  the  carrier  gas  in  the 


;Golay  Equation,  equation  2,10  [401. 


ff=-r(S*Oii*X>ii’  (2.10) 

In  this  equation.  A is  the  longitudinal  diffusion  tetm,  B is  the  resistance  to  mass 
transfe  in  the  gas  phase,  C the  resistance  to  mass  transfer  in  Ihe  liquid  phase,  and  D 
is  Caspar's  esiracolumn  broadening  term  (36).  For  any  set  of  operating  conditions, 
there  is  an  optimal  velocity  for  the  flow  of  the  carrier  gas  at  which  the  masimal 
efficiency  is  obtained  in  a reasonable  analysis  time.  The  optimal  flow  is  determined 
by  constructing  a GoJay  curve  of  plate  height  versus  the  average  linear  flow  velocity 
of  the  carrier  gas.  The  optimal  velocity  is  the  vdodly  which  corresponds  to  the 

the  curve.  Near  ihe  optimal  velocity,  the  B and  C terras  dominate,  and  at  high 


velocllie 


: a/Tea  the  shape  of  (he 


Golay  curve,  an  effect  (hat  can 

be  understood  by  examining  the  factore  involved  in 

determining  the  theoretical  plait 

: height.  Figure  2,2  shows  the  Golay  plot  for  four 

different  cutler  pressure  condibi 

jns  [37], 

The  value  of  A can  be  d 

etermined  usin^  equaUon  2.11  [37],  Where  P,  is  the 
A‘3P,^  ,,  ... 

1 p (2.11) 

Inlet  pressure  of  the  gas,  and  P, 

is  Bimo^jheric  pressure.  It  has  already  been  shown 

rutlet  condiHons,  thus  the  longitudinal  diffusion  (A) 

term  Is  also  increased. 

The  resistance  to  mass  transfer  in  the  gas  phase  is  described  by  equation  2. 12 
[37],  where  r is  the  column  radius. 


B ^ (2.12) 

36P,(ivl)’i>^, 

This  term  is  also  dependent  on 

he  D,  term,  and  is  decreased  under  vacuum  outlet 

conditions.  The  resistance  to  m 

ass  transfer  In  the  liquid  phase  is  described  by 

equation  2.14,  where  d,  is  the  t 

ckness  of  the  stationary  phase  film  In  an  CTTGC 

column  [36].  The  terms  most  sr 

gnificani  In  comparing  the  B and  C terms  involve  the 
lid) 

C= !—  a.l3) 

3(1*«’D, 

D,,  D|.  r.  and  A?.  In  this  work 

P,  was  900  loir,  and  P.  was  measured  as  { 10*)  tore. 

but  was  probably  nearer  ro  l(X) 

nTorr  locally  (37].  For  a temperature  of  280  C, 

has  a calculated  value  of  6(10'’) 

m'/s.  A typical  values  for  D,  are  10*  cm’fs.  In  the 

Plate  height,  H (cm) 
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Fl|ure  2J  Golay  curves  on  short  columns  at  four  dilTerem  ouUel  pressures.  Note 
that  the  difference  between  the  100  lore  and  0. 1 lore  curve  is  minima].  This  suggests 
that  pressures  below  this  value  will  eahibil  no  further  improveinenl  in  analysis  time. 
This  data  is  for  a 4 ih  column.  (Taien  from  Reference  37) 
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OTGC  column  usM  in  Ihii  work,  ihe  SMionai>  phase  film  thickness  wu  Z.Sflfh*) 
cm,  and  the  radius  was  3.2(1(J’)  cm.  For  most  values  of  k,  the  calculated  value  of  B 
is  on  the  order  of  10^  larger  than  C.  Hence,  in  an  OTGC  column,  the  contribution  of 
the  C term  can  be  considered  insignificant,  and  the  equation  is  simplified  to 


H=--aicDB' 


pressure  effects.  Data  plots  did  not  show  a smooth  linear  region  past  the  optimal 
velocity:  rather,  there  was  a curve  upwaid.  The  D term  due  to  eilracolumn 
broadening  is  calculated  as  shown  in  equation  2.15.  u»ng  r to  describe  the  temporal 
band  width  from  extracolumn  soun»,  (exlracolumn  variance)  in  t^  |36],  The  total 
£1. — s!_  o.is; 

observed  variance  (i^*)  of  peak  broadening  is  described  as  the  sum  of  exiiacoluran 
variance  (rr,’)  and  column  variance  (tt.'),  shown  in  equation  2.16  {36]. 


The  Colay  equation  accounts  for  broadening  on  column,  but  Ihe  exiracolumn 
variance  can  be  seen  as  the  sum  of  variances  of  two  ind^iendenl  sources:  the  injeefion 
process  fo,^  and  the  detector  effects  Injection  processes  include  broadening 
sources  such  as  injector  dead  volume,  sample  loading,  and  syringe  technique. 

Detector  contributions  to  broadening  include  the  detector  time  constant,  and  its  dead 


: observed  plate 


1 squared  dependence  on  the  vdoclly.  It  is  imporunl  to  nole  Uiai  Uie  efficiency  of  liie 
column  is  inverseiy  propoitional  lo  Ihe  observed  piaie  heighl.  Therefore,  low  values 


A Oolay  curve  for  dala  laken  under  vacuum  ouUei  conditions  shows  a shift  of 
the  oplimum  linear  veiocity  10  higher  values.  This  is  due  lo  Ihe  increased  dilTusivily 
of  the  gas  under  these  condilions.  Because  of  the  enhanced  volatility,  discussed 
earlier,  the  retention  times  of  compounds  are  reduced,  making  it  possible  to  perform 
rapid  sepatalions  wilh  no  loss  of  efficiency  [43).  The  optimal  linear  flow  velocity  for 
vacuum  conditions  is  described  by  equation  2.17  where  the  subscript  one  means  Ihe 
value  at  almospheric  pressure  (40J. 


If  one  considers  that  N is  UH,  equation  18  can  be  rewritten  as  shown  in  equation 

2.21. 


This  ^ows  that  Ihe  optimal  veloaty  Is  closely  related  to  the  length  of  the  etdumn. 
For  comparison  purposes,  equation  2.19  gives  Ihe  opUmal  velocity  under  almospheric 


pressure 


U.I9) 


KP’-l)  N 


its  efteL  Tbe  pressure  in  a column  is  depencleiu  on  column  lengih,  as  shown  by 
equalion  2.20  where  ihe  distance  from  the  Inlel.  a,  is  defined  by  the  following 


A gain  faclor  can  be  calculated,  taking  the  ratio  of  equations  2.18  and  2.19  tbe 
average  linear  velocides  for  vacuum  versus  aimosphenc  outlet  conditions  [40], 


can  be  seen  that  Sorter  columns  will  nllow  higher  linear  velocity  values  than  long 

Figure  2.3  demonstrates  Ihe  effect  of  column  length  at  the  sensitivity  of  the 
s^arabon  to  outlet  pressure  condiUons. 

Retention  times  are  closely  related  to  the  diameter  of  the  column  being  used. 


(2.21) 


d..  EquaUon  2.22  allows  Ihe  dc 
analysis  in  an  OTCC  column. 
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Flgurt  2.3  Golsy  curve  for  2 lenglhs  of  column  al  two  differem  ouUet  pressures.  Il 
IS  dearly  seen  that  die  long  column  experiences  far  less  vacuum  elTecl  than  a short 
column.  Not  that  ihe  opUmura  linear  velocity  is  shifted  to  a higher  value  in  both  the 
long  and  short  columns.  (Taken  from  Reference  37) 


(2J2) 
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equation  3.2^43!. 

Again,  a gain  faclor  can  be  calculaled  for  relenbon  Lime  of  syslenu  under  differenl 
outlet  preasuies.  For  two  OTGC  columns  under  the  same  uperimemal  conditions, 
having  the  same  length  and  column  diameters,  this  can  be  expressed  using  equation 
2-24  (43). 


Thus,  the  fastest  separations  occur  with  vacuum  ouUei  condiUons.  It  is  also  seen  that 
wide  bore  columns  should  be  ^er  than  narrow  columns.  This  is  easily  understood 
considering  that  the  conductance  of  flow  is  decreased  as  the  diameter  of  the  tube  is 
decreased  (44).  Leclercq  and  Cramers  found  that  vacuum  outlet  faster  as  long  as  the 

used  at  atmosphere.  Additionally,  using  high  efficiency  columns  may  not  allow  fasi 
separations  especially  if  the  diameter  of  the  column  is  very  narrow  (43). 

The  resolution  of  two  components,  here  designated  1 and  2,  which  elute 
sequentially,  can  be  calculated  using  the  general  resolution  equation,  equation  2.25. 
where  o is  Vk.  |45). 


a.2S) 


umXcapaciiy  urn) 

Because  the  resolution  is  dependent  on  the  square  root  of  Ihe  efficiency,  those 
columns  which  can  be  operated  at  higher  efficierKies,  such  as  short  or  wide  bore 
columns,  should  have  enhanced  resolution.  The  efTIciency  gain  of  such  columns  is 
often  large  enough  to  offset  Ihe  column  length  term.  Under  these  eaperimenlal 
conditions,  no  such  gain  would  be  aniicipaied. 


below.  The  temperature  of  the  transfer  line  was  280  C.  the  highesl  temperalure  in  the 
temperature  program.  Values  of  k' ranged  from  3-3S,  the  column  length  was  2S  m, 

in  analysis  lime  should  be  observed.  The  system  has  a no  measurable  effect  on  the 
observed  dead  time  for  the  firsi'Cluting  compounds;  it  would  be  expected  to  be 
increased  due  ID  Ihe  added  length  of  transfer  line  and  fillings  added  to  the  column.  It 
is  obvious  then,  that  Ihe  Row  velocity  was  increased,  most  likely  near  the  vacuum 
ouileL  The  later  eluting  compounds  were  delayed  slighUy,  however.  This  may  be 
due  10  Ihe  increased  viscosity  at  higher  temperalure,  and  perhaps  ai  this  dme,  Ihe  true 
dead  Brae  could  be  delected.  Another  probable  explanation  for  ihe  observed  delay  of 
the  heavier  compounds  is  that  there  was  uneven  temperature  control  over  Ihe  transfer 
line,  causing  cold  spots  and  incomplete  volatilization  and  band  broadening. 


The  delay  was  about  l.S  min  for  the  laler  eluting  compounds,  compafed  to 
their  retention  times  for  atmospheric  FID  detection.  It  shoutd  then  be  expected  that 
the  bands  were  broadened  according  to  the  Caspar  estiacolumn  broadening  term.  The 
column  length  was  chosen  to  allow  high  loading  capacity  for  the  detector.  While 
short  columns  are  advantageous  with  regards  to  analysis  lime,  their  loading  is  low. 


CHAPTERS 

EXPERIMENTAL  PROTCXIOL  AND  INSTRUMENTATION 


SpeciroMODv 

The  radiaiion  wuree,  shown  in  Figure  3.1,  was  » 300  W ILC  Technology 
Cermaa  Model  LX-300  tenon  arc  lamp  source  (Sunnyvale.CA),  the  emice  output  of 
which  was  chopped  using  an  Ithaco,  Inc.  Model  3KA  chopper  Olhaca,  NY).  In  this 

while  the  detector  was  illuminated,  so  that  scalier  from  the  source  and  chamber  could 

mm  on  the  belt,  and  a 6 in  focal  length  quartz  lens  was  used  to  direct  the  source  light 
onto  the  sample.  A quartz  water  Illler  was  used  lo  decrease  the  heating  effects  of  the 
source  on  the  sample.  The  phosphorescence  was  then  directed  by  a 6 in  focal  length 
quartz  lens  onlo  the  focal  plane  of  an  Insirumenis  SA,  Inc.  (Metuchen,  NI)  Model 
UFS-200  flat  field  spectrograph.  The  ^irograph,  in  combination  with  the  Princeton 
Insmimenis.  Inc.  (Princeton,  NJ)  Model  1RY-7D0  photodiode  array  covered  the 
spectral  range  of  200-800  nm,  and  the  spectral  interval  per  pixel  was  1.4  nm.  Die 
data  were  collected  by  a Princeton  Instruments,  Inc.  Model  ST-120OSMA  Detector 
Controller,  and  a Club  America  (Austin,  Texas)  286  personal  computer  with  a math 


-processor. 


43 


chamber  and  oplical  configuration. 


Figure  3.1  Vacuum  ■ 


Vacumn  Chamb 


The  chamber  was  comprised  of  a Vac-U-Fial  Rve-way  cross,  and  a Vac-U-Flal 
Ihtee-way  cross,  each  wiUi  6 in  flanges,  a Vac-U-Flat  three-way  cross  with  2.75  In 
flanges,  a 6 in  quartt  viewing  window,  and  two  direel-drive  rotary  feedUiroughs,  aJi 
commercially  avail^le  through  Hunlington  Mechanical  Laboratories  (Mountain  View. 
CA),  The  vacuum  system  consisted  of  a Model  DUO-30A  Trivac  dual  stage  rotary 
pump,  with  2 in  tubing,  a molecular  sieve  foreline  trap,  and  a Model  TMP-IOOO 
turbomoleeulai  pump,  all  obtained  from  Leyttold-Heraus  (Eapon,  PA).  Vacuum 
gauges,  a Model  801  Thermocouple  gauge,  and  a Model  572  Ionization  Gauge  were 
obtained  from  Vahan  Vacuum  products  (Leitingion,  MA).  An  electrical  feedthrough 
on  a 2.75  in  conflai  flange  was  obiaincd  from  MDC  Vacuum  Products  Corporation 
(Hayward.  CA).  An  APD  Cryogenics,  Inc.  (Allentown,  PA)  dialer  Model  CS-202 
closed  cycle  helium  refrigerator  was  used  to  maintain  cryogenic  temperatures.  The 
vacuum  system  is  shown  in  Figures  3. 1 and  3.2. 

The  sample  bell  was  custom  designed  by  Bell  Technologies,  Inc. 

(Agawam, MA).  This  stainless  steel  belt  was  perforated  81  one  side,  and  was  driven 
by  a bail-toothed  spool,  to  prevenl  slippage,  and  to  ensure  sraoolh,  reproducible 
motion.  Il  was  22.9  in  long,  0.625  in  wide,  and  has  loolh  spacings  of  0-332  in.  The 

bell  passed  over  an  oxygen-ftee  high-conduclivity  copper  ^wol  which  balled  onto  the 
cold  stage  of  the  closed  cycle  refrigerator.  The  spool  measured  3/4  in  diameter,  and 
7/8  In  vride,  and  was  created  by  our  machine  shop. 
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Figure  3.2  Sid 


I chamber 
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The  chromatograph  waa  a Perkjn-Elnier  Model  8500  Gas  Chromalograph 
(Norwalk,  CT)  wilJi  a 30  m « 0.32  mm  DB-5  capillary  column.  Tlie  high  purity 
carrier  gases  were  oblained  from  Mphagaz  (LaPone,  TX). 

The  separation  was  carried  out  using  a lempetalure  program  which  started  at 
180  °C  for  2 minutes  isothermally,  and  the  increased  to  280  *C  at  a ramp  rate  of  3 
'C/min.  The  final  temperature  was  held  for  5 minules.  The  injector  and  detector 
were  held  al  290  ‘C.  The  lolal  run  time  was  35.33  min.  The  injection  was  split 
1000: 1 at  0.4  min  into  the  run,  to  purge  eaceas  solvent  vapors  from  the  injector. 


The  GOVacuum  Interface  shown  in  Figure  3.3  was  based  on  a design  by 
Brown  and  Wilkins  (46J,  and  was  Ihe  transfer  line  used  by  Clos  [33).  ’The  fitting  had 
three  essential  componenls.  The  bottom  piece,  attached  to  a vacuum  flange,  was 
composed  of  a cylinder  vrith  coarse  threading  in  its  internal  diameter.  The  centra! 
piece  was  a knurled  cylinder  with  coarse  Ihieading  on  ils  exteiior  and  fine  threading 

three  pieces.  After  passing  through  the  first  two  pieces,  the  tubing  passed  through  Ihe 
center  of  five  tefion  compression  rings.  The  tubing  then  passed  through  the  center  of 
the  bottom  piece,  extending  about  one  inch  past  Ihe  Range.  The  central  piece  was 
tightened,  by  hand,  as  far  as  it  would  go.  to  seal  the  compression  rings  around  the 
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Figure  3.3  Interface  design  for  fiiat  portion  of  work. 


1.  The  fin 


ceramic  tubing.  Isolating  the  lop  of  the  interface  from  the  vacuum 
threading  on  the  lop  piece  allowed  for  height  adjustmem  of  the  ceramic  tubing.  The 
flange  had  an  o-ring  groove  and  was  sealed  to  the  vacuum  chamber  with  a vilon  th 

The  transfer  line  was  a 1/16  in  stainless  tubing  with  a positive  tenninal  lead 
soldered  to  it,  about  I in  from  the  end  of  the  tube  on  the  vacuum  side.  The  other  end 
of  the  tube,  located  as  close  to  the  OC  oven  outlet  as  possible,  had  a ground  lead 
clamped  to  It  using  a copper  collar.  The  vacuum  seal  of  the  stainless  tubing  was 
made  at  a swagelock  union  which  joined  the  stainless  steel  tube  lo  the  column,  with  a 
1/16  in  straight  polylmide  ferrule.  From  the  GC  side  of  the  interface,  the  stainless 
lubing  passed  through  the  length  of  the  ceramic  tubing,  eatending  I in  past  the  end  of 
the  ceramic  lubing  on  the  vacuum  side.  The  entire  length  of  the  tubing  which  was 
in^  the  ceramic  tubing  was  wrtqiped  in  thermal  insuladng  cloth.  The  length  of  the 
tubing  which  eilended  from  the  Interface  lo  the  GC  was  in  a braided  ceramic  sleeve 
to  praveni  heat  loss.  The  stainless  tubing  passed  through  a drilled  out  swagelock  1/4 

vrith  a 1/4  in  graphile  femile.  The  heating  of  the  transfer  line  was  accomplished 
using  an  SPC  Technology  universal  step-down  transformer  distributed  by  Newark 
Electronics  (Jacksonville,  Ft),  which  delivered  I A of  current,  and  a Varioc  which 
was  operated  at  about  58%  lo  mainlain  a temperature  of  280  ‘C. 

The  sample  was  introduced  to  (he  chamber  through  the  GC  column  wNch 
passed  through  the  swagelock  union  joining  the  transfer  line  lo  the  column,  and  was 


sealed  to  vacuum  by  a I/I6  in.  O.S 


I i.d.  vespd  remile.  Preble 


imcrface  design  included  that  the  iransrer  line  was  unhealed  tm  about  1 in,  and  lhal 
Ihe  electrical  coniacl  was  very  difficult  to  feed  Ihreugh  the  ceramic  tubing  without 
breaking  the  tubing  or  breaking  the  contact. 

In  Ihe  work  by  Cios  [33],  there  was  a significant  background  signal  and  Ihe 

background;  the  vacuum  pump  had  insufficient  throughput  to  accommodale  Ihe  added 
flow  of  the  OC.  and  that  from  Ihe  molecular  beam  valve,  used  to  deliver  a small 
amount  of  hexane  matrix.  To  minimiae  pari  of  this  problem,  the  turbomolecular 
vacuum  pump  used  In  this  work  had  a significantly  higher  throughput  (200  Is  ')  than 
that  used  by  Cios  (75  ls  ‘)  [33].  It  was  discovered  at  the  start  of  (his  work  , that  (he 
imegrily  of  the  vacuum  seal  crealed  by  the  molecular  beam  valve  was  non- 
reproducible,  and  so  the  molecular  beam  valve  was  removed  from  the  system.  The 
result  of  these  changes  was  that  the  base  pressure  of  the  system,  with  minima]  flow 
was  10*  lorr.  Some  flow  is  required  to  minimize  volatilization  of  the  stationary  phase 
of  Ihe  GC  column. 

The  firsi  eipcrimen(  performed  involved  malrix  isolation  in  which  (he  matrix, 
argon,  was  added  (0  Ihe  mobile  phase  of  (he  OC.  The  carrier  gas  was  a 3 » argon  in 

was  not  high  enough  to  Isolate  the  analyte  sufficienUy,  It  was  desired  that  (his  ratio 
be  controlled  easily  and  that  adjustmenl  be  possible. 


Phase  Two: 


gas,  and  any  gas  could  be  used,  not  just  chose  in  which  Uie  sample  is  soluble. 

Because  two  capillahes  could  not  pass  Ihrough  a 1/16  in  tubing  easily.  Ihe  inlertace 
was  redesigned  to  accommodaie  a 1/S  in  stainless  tubing.  This  necessitated  the 
replacement  of  the  ceramic  tubing  as  its  inner  diameter  was  not  large  enough  to  pass 
Ihe  1/8  in  tube.  Criteria  for  Ihe  interlace  lining  tubing  were  that  Ihe  tubing  be  neither 
thermally  nor  electrically  conductive.  High  temperature  teflon  tubing  was  used  since 
it  met  these  requirements.  In  order  to  ensure  that  the  teflon  tubing  remained  in  place, 
two  ferrules  were  seated  on  the  teflon  lube;  one  on  lop  of  the  mierface,  the  oflier 
placed  on  the  opposite  side  of  Ihe  top  piece,  as  shown  in  Figure  3.4. 

from  a transformer  was  attached  to  a collar  which  6t  around  the  swagelock  union  at 
Ihe  GC  end  of  Ihe  transfer  line.  The  other  transformer  lead  was  fed  to  an  electrical 
feedthrough  vacuum  flange  . A lerminal  loop  was  soldered  to  the  dp  of  Ihe  stainless 
tuhing,  and  a lead  was  boiled  to  Ihe  terminal  loop  and  allached  to  the  vacuum  side  of 
die  electrical  fadlhrough  via  a Molex  93  lerminal  clip.  The  stainless  sleel  tubing 
hou.sed  two  capllaries;  the  QC  column  and  a deactivated  silica  column  through  which 
die  malrii  passed.  The  capillaries  were  held  in  place  by  a Swageiock  1/8  in  to  1/16 
in  reducing  union  with  a two-hole  ferrule.  The  soinless  tubing  was  open  on  the  end 
in  the  vacuum  chamber,  but  was  sealed  from  the  almosphere  at  Ihe  GC  with  a 


Figure  3.4  Du^l  capillary  imerface  de^n. 
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graphile  ferrule.  The  entire  length  of  the  transfer  line  was  surrounded  by  braided 
ceramic  insuUiiirg  sleeve. 

The  dual  ctyiillary  worked  satisfactorily,  but  voltage  spikes  in  the  power  line 
caused  super  heating  which  melted  both  the  electrical  feedthrough  teflon  insulation 
and  the  leflon  tubing.  This  design  clearly  needed  improvement.  The  first  change  was 
to  upgrade  the  electrical  feedthrough  to  a high  current  apitiication.  In  this  way,  the 
power  surges  would  not  cause  meltdown,  but  a new  insulator  tubing  was  needed. 

Phase  Three 

The  final  successful  design  of  the  transfer  line  was  the  simplest.  The  only  real 
reduiremem  of  the  Interface  was  that  it  allow  a resistively  healed  stainless  tube  to  pass 
through  it,  and  that  the  two  capillaries  also  be  accommodated.  In  order  to  achieve 
this,  vacuum  seals  were  needed  from  the  insulated  flange  to  the  chamber,  from  the 
stainless  lube  to  the  interface,  and  from  the  stainless  tubing  to  the  capillary.  Figure 

vacuum  chamber  with  a viion  o-ring,  and  which  had  a 3/8  in  swagelock  bulkhead 
union  mounted  in  its  center.  The  insulated  tubing  was  a 3/8  in  ceramic  tubing  from 
Om^a  Engineering  (Stamford.  CO,  The  tubing  had  an  imemal  diameter  large 
enough  to  pass  the  1/8  in  stainless  tubing  with  a significant  amount  of  clearance.  The 
ceramic  tubing  was  sealed  from  the  atmosphere  with  a 3/8  in  graphite  ferrule.  The 
stainless  steel  tubing  sealed  to  vacuum  ai  the  1/3  in  to  1/16  in  reducing  union  with  a 
1/8  in  polyimide  ferrule.  The  capillaries  fed  ihrough  the  1/8  in  tubing,  and  were 
guided  into  a fined  position  by  a 1/16  in-0.5  mm  Iwo-bole  ferru 


sle.  Electrical 
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Figure  3.S  Final  design  of  imerfiife  using  bulkhead  union.  The  siainless  sl«l  tubing 
extends  one  meier  ^in  die  interim  to  die  GC.  It  is  not  shown  to  scale. 


Ihitnigh  a braided ' 


Matrix  tsoladon 

The  rapUiat^  carrying  the  matrix  argon  was  fed  through  the  injector  of  column 
2 of  the  GC,  and  out  the  detector  2 port.  In  this  way,  the  effective  flow  iitio  through 
the  two  columns  could  be  k^t  proportional  through  the  lempetanire  program.  A 
length  of  deactivated  silica  was  installed  to  serve  as  column  2.  and  which  passed 
through  the  detector  port,  and  frxl  through  the  1/16  in  to  l/g  in  reducing  union  and 
through  the  1/16  in-0.5  ram  2-hole  reducing  ferrule.  Both  columns  passed  through 
the  length  of  the  1/8  in  stainless  steel  tubing.  The  matrix  ratio  was  varied  by  varying 
the  flow  rate  of  argon  through  column  2.  The  flow  rate  of  argon  was  determined 
using  a soap  bubble  flowmeter,  measuring  the  flow  at  the  end  of  the  transfer  line. 

The  argon  was  regulated  at  the  tank,  and  two  needle  valves  were  placed  in  line  before 
the  column.  The  microtrteter  calibration  on  the  needle  valve  allowed  crude,  but 
reproducible  adjustment  of  flow.  The  valves  were  calibrated  to  determine  the 
necessary  parameters  for  a desired  flow,  that  is,  the  tank  pressure,  and  the  position  of 
each  needle  valve.  In  ihis  way,  the  very  low  flow  rale  required  for  this  study  couid 
be  controlled. 

The  pressure  of  the  system,  with  the  transfer  line  in  place  and  with  flow  from 
the  GC,  was  approximately  Iff’  lorr.  and  the  cold  head  temperature  was  17  K. 

Shtwl'skli  Matrices 

For  the  Shpol'skil  matrix  studies,  the  tank  of  argon  and  GC  flow  controller 
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Figure  3.6  Heiane  Reservoir  design 


S6 

reservoir  supply.  The  reservoir  was  a 300  mL  stainless  steel  sample  cylinder  from 
lax  Valve  (Jacksonville,  FL).  Each  end  of  the  cylinder  had  1/4  In  Female  Normal 
Pipe  Thread  (FNPT)  fittings.  A brass  valve  was  ailached  to  one  end  of  the  cylinder 
to  allow  the  cylinder  to  be  evacuated,  and  filled  with  hexane.  The  other  end  of  the 
cylinder  also  had  a 1/4  in  brass  valve  to  allow  the  cylinder  to  be  isolated  during  the 
evacuation  and  filling  procedure.  This  end  also  had  a low  pressure  gauge  from 
Maiheson  Gas  Pioducts  (Secaucus,  Ml)  so  thai  the  pressure  in  the  cylinder  could  be 
monilored,  and  a single  stage  low  pressure  gas  regulator.  The  output  from  the  gas 
regulator  was  fitted  to  a 0.32  mm  o.d.  deactivated  silica  capillary,  which  was  fed 

cs^allaiy  continued  out  the  detector  port  for  the  second  column  and  fed  through  the 
transfer  tineas  had  the  argon  capillary.  Regulation  of  the  hexane  supply  was  through 

Figure  3.7.  and  described  by  the  following  equation,  where  the  values  for  hexane  are 
A = 7627.2.  and  6=7.717,  temperature  is  in  K.  and  pressure  is  in  loir. 

logP,„^  = -0.2185y*6 

The  flow  was  then  regulated  through  the  low  pressure  regulator,  and  the  needle  valves 


Reagents  were  used  as  received,  without  further  purification.  Stock  solutions 
in  B-hexane  were  made  of  each  at  the  concentration  of  about  100  ppm,  and  standard 


Flfurc3.7  Salur 
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mixtures  were  prepared  for  the  range  from  D.S  to  100  ppm  of  each  component.  Table 
i lists  the  reagents  and  their  sources. 


To  start  the  system,  the  roughing  pump  reduced  the  pressure  to  100  mtorr. 

The  turtm  pump  then  reached  a pressure  of  10*  torr.  At  this  time,  the  bell  motor  and 
cryostat  were  switched  on.  The  belt  was  running  while  the  system  was  cooled  so  that 
the  belt  would  not  freeze  to  the  cold  head.  When  the  cryostat  reached  13  K.  Ihe  flow 
on  the  chromalograph  was  increased  by  Increasing  the  column  head  pressure  to  ils 


operating  piessuie  of  19  psi. 


temperatures.  When  Ihe  system  was  ready,  the  xenon  arc  lamp  and  chopper  were 


I transfer 


slaricti.  and  the  diode  array  initialized.  With  flow,  moving  beit,  and  heated 
line  the  operating  temperature  was  about  19  K and  the  chamber  pressure  about  8(10*) 


The  belt  speed  was  the  same  as  the  chart  recorder  speed,  so  lhat  the  peak 
widths  could  be  compared  to  that  of  the  FID  at  room  temperanire;with  the  belt  speed 
at  10  mm/min.  qiecira  were  collected  every  10  s,  and  10  scans  were  integrated  for 


CHAPTER  4 

RESULTS  AND  DISCUSSION 


Ai  the  ouuel  of  ihis  work,  [here  were  several  problems  » be  addressed. 
While  a self-cleaning,  conlinuously  sampling  GC  interface  had  been  constnicled,  it 

low  vDlatilily  of  hexane,  the  amount  present  in  commerciai  gas  mbitutes  was  not 
suflicienl  lo  Isolate  the  analyte  molecules,  resulting  in  poor  Shpol'skii  spectra.  The 
background  signal  of  the  system,  shown  in  Figure  4.1,  was  large,  and  spanned  most 
of  the  speciral  region  occupied  by  analyte  luminescence.  II  was  suspected  that  die 
vacuum  system  was  inadequale  for  Ihe  flow  of  sample  being  introduced.  In  the 

mixture  and  the  capillary  column  introduced  the  eluent  from  the  OC.  The  self- 
cleaning mechanism  of  the  detector  depended  on  the  vacuum  being  adequate  for 
volaliliolion  of  Ihe  analyte  as  it  moved  off  of  Ihe  cold  head  after  analysis.  This 
featuie  was  shown  to  be  fully  funciional  with  disciele  injecdon  of  sample,  with  no 
re,sidual  signal  after  sampling  was  complete  1291.  The  pressure  of  the  chamber  was 
elevated,  and  the  volalMizalion  (self-cleaning)  efTidency  was  decreased. 

A thorough  examination  of  all  of  the  components  showed  that  the  molecular 
beam  valve  did  not  seal  to  vacuum  rqrroducibly.  Thus,  while  the  valve  was  in  the 


signal  of  LTMLS  delector  al 


: of  this  work,  fTake 


' oi^r3  of  magnitude  lower 


than  that  obuined  in  the  earlier  work  [33].  Restoring  the  column  flow  raised  the 
pressure  one  order  of  magnitude,  as  expected,  and  the  background  signal  was  sdJl 
observed,  although  diminished  to  about  one  half  of  its  previous  value.  It  became 
dear  that  a higher  throughput  vacuum  system  was  required,  it  was  also  necessary  to 


attempted,  including  the  addiUon  of  a diffusion  pump  before  the  turbomolecular 
pump;  none  of  these  configuiaiions  was  successful.  When  a 10  in  lurbomolecular 
pump  became  available,  it  was  substituted  for  the  2,75  in  lurbomolecular  pump, 
resulling  in  the  disappearance  of  the  previous  background  signal.  Ibis  new 
lurbomolecular  pump  had  two  advamages:  first,  it  was  roughed  by  a pump  with  about 
three  limes  the  pumping  speed  of  that  previously  achieved,  and  second,  the 
conductance  of  the  larger  luibo  and  vacuum  hoses  was  about  four  times  that 
previously  used.  The  new  background  signal  is  shown  in  Figure  4,2;  it  is  uncorrected 
for  dark  current,  for  comparison  to  the  earlier  data. 

The  first  experiments  were  performed  using  the  Flame  loniiation  Deleclor 
<F1D)  for  the  CC.  The  FID  was  primarily  used  lo  determine  optimal  separation 
condiHons,  and  to  determine  the  relendon  times  for  the  lest  compounds  on  the 
column.  Table  4 contains  a comparison  of  the  retention  limes  for  the  standard 


s,  using  the  FID  ■ 


that  using  the  LTMLS,  Sensidviiy  of  the 
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Figure  Beckground  speclnmi 
removing  the  molecular  beam  valx 


Arniosi^eric 


helium  carrier  gas  was  replaced  by  a 3%  argon  in  helium  miature.  Il  was  hoped  dial 
by  udng  argexi  in  the  carrier  gas,  not  only  would  Ihe  system  be  simplified  bul  also  the 
pressure  be  decreased  since  no  eiliacolumn  gas  flow  was  added.  The  results  showed 
ugnificam  aggregaiion  eHecls  of  die  analyte  molecules;  peah  heighu  were  low  and 
mulbple  broad  bands  were  seen  rather  than  a sharp  central  band.  Fluorene  was  the 
only  compound  which  gave  peaks  large  enough  to  be  detecled,  and  then  only  at  high 
concentralions.  This  eaperimem  demonsuaied  the  need  for  precise  control  over  the 
amount  of  argon  that  could  be  added,  that  is,  the  tabu  of  argon  to  analyte  deposited 
on  the  cold  bell.  The  cost  of  mulliple  commercial  gas  miatures  would  be  prohibitive, 
and  so  it  was  desired  that  a means  of  adding  a controlled  amount  of  mairia  gas  be 

fluorene  in  3*  argon  carrier  gas.  Here,  Ihe  predominant  feature  is  the  delayed 
fluorescence  peak  on  Ihe  lefl  and  the  phosphorescence  spectrum  in  the  center.  The 
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Rgure  4.3  Phosphoresctnce  matrii  isolaiion  speclnim  of  67.5  roti  lliiorene, 
hackgroiuid  correcied,  in  3*  argon  carrier  gas.  The  sample  mass  was  0.34  (ig.  The 
of  ihe  spectrum  is  the  delayed  nuorescence  peak  on  the  left,  and  fine 


fisuiire  on  the  right  is 


loiown,  although  it 


It  was  not  immediately  recognized  that  the  aggregate  peak  was  actually  delayed 
fluorescence  arising  from  a triplet-triplet  annihilation  mechanlstn.  Because 
pho^horescence  is  not  a highly  favored  process,  the  signals  obtained  are  generally 
weak.  In  the  initial  studies  used  to  align  optics  and  to  identify  the  analyte  signal,  the 
standards  used  were  of  fmrly  high  concentration.  In  this  case,  the  use  of  high 
concentration  standards  was  a particularly  poor  choice.  Delayed  fluorescence,  column 
overload,  and  incomplete  isolation  of  the  analyte  molecules  wmre  all  results  of  this 
seemingly  innocuous  initial  si^.  The  phenomenon  of  the  delayed  fluorescence  will 
be  addressed  at  the  end  of  this  chapter,  as  it  affected  all  phases  of  the  data  obtained. 

A dual  transfer  line  was  next  designed  to  allow  pure  argon  to  be  added  to  the 
system;  the  argon  could  be  added  Independently  from  ihe  eluem  of  (he 
chromatograph.  In  this  way,  the  argon  would  not  interfere  with  the  s^aration,  and 
by  controlling  Ihe  flow  of  Ihe  argon,  an  optimal  ratio  could  be  found  of  solute  lo 
solvent.  The  challenge  lay  In  obtaining  flow  rales  of  about  0.1  mUmin,  as  this  was 
the  amount  required  to  obuun  a 1000:1  ratio  of  argon  molecules  to  nnalyte  molecules, 
a minimum  ratio  generally  thought  sufficiem  for  effective  Isolation  [47]. 

A low  pressure  regulator,  in  line  with  two  needle  valves,  was  used  to  regulate 
the  argon  flow  rale  from  the  argon  tank  to  a capillary  column.  The  flow  rale  was 
measured  for  several  diflereni  sellings  of  lank  pressure,  and  individual  needle  valve 
settings.  Figure  4.4  shows  the  data  obtained  from  adjuslment  of  the  second  valve 
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Rgure4.4  Flow  rate  calibrafion  curve  for  needle  valve  control  of  gas  tank.  The 
regulated  tank  pressure  was  6 psl.  The  tirsl  needle  valve  was  open  to  a set  position. 
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with  3 consonl  valve  lelting  for  the  Tint  valve.  While  the  adjustment  was  crude,  it 
was  hi^Iy  reproducible  in  terms  of  measured  flow. 

Matrix  isolation  studies  were  performed  usin^  a flow  of  O.S  mL/min  of  argon 
in  addition  to  the  flow  from  the  gas  chromatograph.  Figures  4.S  through  4.9  show 
the  luminescence  spectra  taken  when  5 pL  of  standard  mixture  solution  was  injected. 
The  hexane  eluted  from  1-3  min  In  the  run,  and  the  first  component  eluted  at  about 
8.3  min.  After  the  first  few  samples,  the  ^sectia  were  only  recorded  after  the  hexane 
eluted  to  reduce  the  size  of  the  files.  The  observed  luminescence  was  most  likely  a 
combination  of  delayed  fluorescence  and  phosphorescence  spectra;  the  Recital 
resolution  was  poor  due  to  the  large  number  of  sites  excited  simultaneously. 

It  was  noted  that  the  isomers,  1 ,2-benzofluorene  and  2,3-benzofluorene  showed 
no  significani  differences  in  Iheir  spectral  shapes.  This  wsls  probably  a result  of 
muftiftie  stes  tmng  excited.  It  is  known  that  the  two  isomers  have  significant  overlap 
in  their  fluorescence  spectra  [48],  and  the  specliomeler  was  low  resolution  in  order  to 
scan  the  wide  range  of  wavelengths.  It  was  also  noted  that,  if  the  sample  was  allowed 
to  deposit  onto  frozen  hexane  (the  result  of  collecting  all  of  the  eluent  in  one  Sfct), 
the  signal  was  dramatically  enhanced.  A phosphorescence  spectrum  taken  when  the 
sample  was  deposited  on  hexane  is  shown  in  Figure  4. 10.  Therefore,  even  though  tiie 

in  the  lattice  structure  of  the  hexane  was  sufficient  to  achieve  much  higher  ^leciral 
resolution.  Another  means  of  achieving  the  desired  signal  intensity  would  be  to  use 
laser  excitation.  The  excitation  wavelength  from  a tunable  dye  laser  would  allow 
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Flsure  4.i  Matrii  isolation  luminescence  spectnini  for  67.6  ppm  fluoreiK  in  argon. 
The  sample  mass  was  0.  J4  #ig,  and  the  argon  flow  was  0.5  mUmin. 


Figure  4.$  Mulrix  is 
argon.  The  sample  i 


iiminescence  speanim  for  81.5  ppm  iriphenylene  in 
; 0.41  pj,  and  the  argon  flow  was  0.5  mL/min. 
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Figure  4.7  Mairii  isolation  luminescence  spectrum  for  131  ppm  1 .2-beruofluorene  in 
aigon.  TTie  sample  mass  was  .65  (ig,  and  the  argon  now  was  O.S  mL/rain. 
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Figure  4.8  Matii»  Isolarion  lumuiesceiice  spectrum  for  114  ppm  Z.SJsenrofluti 
argon.  TTie  sample  mass  was  0-J7  pg,  and  the  argon  Row  was  0.5  mUmin. 
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solation  luminescence  ^lecirjm  for  63.5  ppm  phenanUirene  in 
mass  was  0,33  pg,  and  ihe  argon  flow  was  0.5  mUmin. 


Figure  4.9  Matria  is 
argon.  The  sample  i 


figure  4.10  Phosphorescence  spectrum  for 
The  sample  mass  was  0.34  )>g.  anil  the  spe 


67.5  ppm  fluorette  deposllcd  onto  hexane, 
drum  was  corrected  for  background. 
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detection  of  only  selected  |*osphorescing  compounds,  and  so  it  was  decided  to  try 
another  matrii  suitable  for  multiple  species  detector.  Because  Ihe  signals  were  low 
for  such  relatively  high  analyte  concentrations,  and  because  the  spectral  resolution  of 
the  matria  spectra  was  poor,  a means  of  introducing  hexane  vapors  vras  desired. 

Throughout  the  study,  fluorene  consistently  demonstrated  a strong  signal.  The 
resolution  of  the  spectra  changed  with  the  ratio  of  analyte  to  matrix  and  the  type  of 
matrix.  However,  even  if  the  amouni  of  matrix  was  smaJI  and  the  ratio  was  less  than 
1000;],  fluorene  could  be  delected.  Due  to  its  intense  phosphorescence  and 
sensitivity  to  the  matrix  to  analyte  ratio,  fluorene  was  an  excellent  probe  molecule  for 
experimeniaJ  conditions. 


its  lack  of  interaction,  was  abandoned  after  many  attempts  to  achieve  reproducible 
resulu.  The  problem  involved  the  poor  seals  made  in  the  union  connecting  the 
column  to  the  deactivated  silica  column.  Many  unions  were  tried,  from  different 


directly  through  Ihe  transfer  line,  bypiassing  the  union. 

A study  was  performed,  using  5 /iL  of  various  c 
standard.  The  matrix  isolated  phosphorescence  spectra  > 


in  Figure  4.11. 


appearance  of  an  ill-defined  secondary  peak  to  Ihe  left  of  Ihe  primary  peak  was  noted. 
This  peak  was  attributed  to  aggr^lion  effects  (incomplete  isolation  of  the  analyte 


Figure  4. 1 1 Mairi»  isolaiion  j*osphorescence  spectra  for  fluorene  in  argon,  correcieti 
for  background.  The  argon  flow  was  0.5  niUmin  and  sample  mass:  a)  0.006  pg  ; 


77 


Figure  4.ll-coiiriniigri  b)  0.03  lig; 


78 


■0.07,ig; 
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Mg: 


so 


I 0.34  «; 
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0 0-41 


molecules),  because  ii  grew  more  proinirent  wilJi  incneased  analyte  COTcencralion 
(hence  decreased  matrix  to  analyte  ratio).  This  same  peak  could  be  seen  emerging  as 
the  chromatographic  peak  built,  demonstrated  in  Figure  4.12.  The  leading  edge  of 
the  chromatographic  band  has  a relatively  low  analyte  concentration,  resulting  in  die 
appearance  of  the  central  nuorescence  peak.  As  die  chromatographic  peak  grew  with 
time,  the  secondary  peak  emerged.  This  data  clearly  demonstrates  that  ratio  of  matrix 
ID  analyle  was  a very  important  bclor  in  the  peak  shape.  If  an  anaJyte  is  to  be 
idendfied  using  this  technique,  il  must  be  under  die  appropriale  matrix  condiUons  for 
best  peak  shape  and  resolution.  The  secondary  peak  here,  loo.  can  be  attributed  to 
delayed  fluorescence  because  of  iu  long  ilfeUme  and  Us  spectral  wavelength  range. 

A means  of  confirming  this  assignment  would  be  to  perfoim  a study  in  which  the 
intensity  of  the  exciolion  radiation  is  varied.  If  die  mechanism  observed  had  been  a 
biphoionic  process,  a plol  of  die  inlensity  of  fluorescence  versus  the  square  of  the 
phosphorescence  intensity  would  be  linear.  Because  of  equipment  failure,  this 
experiment  could  not  be  performed  (49). 

The  final  phase  of  this  worii  was  to  use  a hexane  reservoir  to  deliver  hexane  as 
die  matrix.  A chromatogram  of  the  luminescence  spectra  in  a Shpol'skii  matrix  for  a 
70  ppm  standard  PAH  mixture  is  shown  in  Figure  4.13.  The  major  spectral  features 
shown  in  Figure  4,13  are  all  attributed  to  phosphorescence,  and  the  results  for  this 
phase  were  promising.  The  delayed  fluorescence  peak  disappeared  completely  for 

capabilities  of  the  hexane  matrix,  AddiUotially,  fine  structure  began  to  appear  In  the 
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Fi|ure  4.12  Mairix  isolation  phosphorescence  and  delayed  fluorescence  speecra  of 
20-25  ppm  fluorene  siandard  as  chromatographic  peak  develops.  The  sample  mass 
was  0.10  Mg.  and  the  time  span  3.5-7.S  min,  at  0.4  min  intervals. 


Figure  4.13  ShpoFsidl  luminescaicc 


: spectra  of  70  ppm  standerd  mbtiure.  Sample 
1 shown,  ai  0.5  minute  intervals:  a)  3-16  min; 


Figure  4. 13-ainiiniiKl  t>)  16-29  min; 
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Wivelefigtb  (nm) 
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spectra  for  phenanlhrene.  Figure  4.14  is  a eomparison  of  luminescence  spectra  of 
phenamlnene  taken  with  a matru  of  argon  versus  that  of  hesnne.  in  hesane,  only  llie 
phosphorescence  peaks  ara  prasent,  but  in  argon,  the  delayed  fluorescence  peak 
appears.  Again,  the  later  eluting  compounds  were  not  clearly  resolved,  and  had 
lower  signal  lhan  is  ordinarily  obtained,  suggesdng  that  these  compounds  were  not 

and  it  was  expected  that  modification  of  dlls  reservoir  would  yield  better  results.  At 
this  point  in  the  research,  the  vacuum  pump  bearings  burned  out  necessitating  the 


Several  features  could  be  distinguished  in  the  chromatographic  data  Due  to 
the  poor  intensity  of  phosphoiescence  signal  of  the  later  eluting  compounds,  their 
chromatographic  peaks  cannot  be  effectively  analyzed.  As  would  be  expected  for 
vacuum  outlet  conditions,  the  retention  limes  for  fluorene  and  phenamhrene  were 
slightly  decreased  from  their  atmospheric  outlet  values;  those  for  the  later  eluting 
compounds  were  delayed  slighlly.  This  was  probably  due  to  a cold  spot  in  the 
transfer  line,  and  suggested  the  need  for  more  uniform  heating  of  the  Pansfer  line. 
About  1 in  of  the  column  was  exposed  to  the  atmosphere  between  the  CC  outlet  and 

which  allowed  placement  of  the  union  to  the  vacuum  inside  the  oven,  was  created  but 


a.  Figures4.154.17 show 


Figure  4.15  Chromaiogram  of  five-coniponenl  mixlure,  scanned  al  340  nm.  Hie  lop 
spectrum  is  for  the  entire  time  range;  the  bottom  spectrum  is  for  the  time  after 
fluorene  has  eluted. 


Figure  4. 16  ChiDraaiogrsni  of  five-component  mixture,  scaiuied  at  360  nm.  The  top 
speclnmi  is  for  the  entire  time  range;  the  bottom  speclnmi  is  for  the  lime  after 


Figure  4.17  ChroiTii 
fiuoiune  has  eluled. 


iiHlure,  scanned  alSOO  nni.  ihe  lop 
1 spectnim  is  for  the  tirae  after 


aiographic  data  taken  at  difreiem  demdon  uavelengUis.  Flu 


peaks  in  all  of  Uie  wavelengUi  ranges,  and  its  intensity  was  much  greater  than  that  for 
the  other  analytes  tinder  these  eaperiinental  conditions.  Because  each  analyte  has  an 
optimal  wavelength  for  analysis,  no  single  wavelength  detection  would  be  suitable. 
From  the  detector  wavelengths  evaluated,  340  nin  appears  to  be  the  best  for  all  of  the 
substances. 

In  the  chromatograms,  it  can  be  seen  that  the  peak  widths  were  very  broad,  no 

standards,  multiple  Injections  of  standard  were  used,  while  the  belt  was  held 
stationary,  to  attain  a larger  signal  of  sample.  The  sample  volume  injected  for  the 
five-component  mixture  was  also  high,  at  5 pL,  A fairly  slow  ramp  rale  was  used  so 
that  a more  complex  mixture  would  be  separated,  which  was  the  goal  of  this  work 
otigbally.  For  the  five-componenis  studied  here,  it  was  far  loo  conservative  and  led 
to  broader  peaks  than  would  be  preferred;  at  best  quaniilalion  would  be  difficult  for 
data  obtained  under  Uiese  condiUons.  In  order  for  this  lechnique  to  hnve  been  used 
for  quandiative  analysis,  an  internal  standard  may  be  used,  and  has  proven  successful 

error  and  signal  variations  due  to  optical  alignment  or  source  fluctuations[3|. 

Because  of  the  vride  wavelength  range  (200-800  nm)  observed  in  this  study, 
the  resolution  was  necessarily  low  (1.4  nm/pixet).  The  comparison  literature  was  that 
foe  low  temperature  spectra,  and  most  were  obtained  at  much  higher  resolution  than 
that  employed  in  this  worts;  subsequently,  the  delayed  fluorescence  was  not 
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immediauly  lEcagnized.  Addllionally.  matrix  isolation  spectra  of  these  compounds 
were  not  found  in  the  iilerainre.  Deviations  in  peal:  shape,  inlenslly.  and  spectral 

isolation  was  ^served  was  incorrect,  and  premature  conciusions  were  drawn  at  this 
phase  of  the  work. 

Finaliy,  the  appearance  of  deiayed  riuoiescence  must  be  discussed.  In  the 
introduction  chapter,  a simple  model  of  ntolecular  excitation  and  deactivation  was 
described.  There  are  olher  processes  which  can  occur  invoiving  the  deactivation  of 
moiecuies  in  excited  triplet  states:  they  may  form  a dimer  which  is  in  an  excited 
singlet  Slate  {an  excimer)  which  then  may  fluoresce,  they  may  collide  transferring 
energy  and  quenching  the  phosphorescence,  and  they  may  be  close  enough  to  one 
another  that  they  transfer  energy  to  form  a ground  stale  molecule  and  an  excited 
singlet  Slate  molecule  (triplet-triplel  annihilation).  In  general,  excimer  fluorescence  is 
shifted  to  lower  energies  than  normal  fluorescence,  the  quenching  process  results  in 
no  observed  luminescence,  and  triplet-triplet  annihilation  produces  observed 
fluorescence  identical  to  the  normal  fluorescence  specmim.  Another  means  of 
delayed  fluorescence  may  be  observed  in  the  event  of  thermal  excitation  of  the 
molecules,  but  this  event  is  highly  unlikely  at  temperatures  lower  than  77K  (49). 

Figures  4.18-21  show  the  delayed  fluorescence  and  phosphorescence  spectra 
observed  for  some  of  these  compounds.  It  can  be  seen  that  the  secondary  peak  is 
nearly  identical  to  that  of  the  fluorescence  of  fluorene.  phenanlhrene,  and 
triphenylene.  No  recorded  phosphorescence  spectra  were  found  for  the  benzofluorene 
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rescence  speclnim  for  triphenylene  in  EPA  al  77K  shown  u 
wn  to  Ihe  right.  fTaken  from  Reference  51) 


Figure  4.18  Delayed  fluon 
left,  phosphorescence  shou 


Rgure  4.19  Delayed  fluorescenee  ^injm  (6r  phenanlhrene  in  EPA  at  77K  shown  at 
left,  phosphorescence  shown  to  the  right.  (Taken  from  Reference  52) 
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Figure  4 JO  Fluorescence  specmim  of  2.3-Benzoflu 


e.  (Taken  from  Reference  S3) 
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Hpire  4.JJ  Delayed  fluoreaccna  spectnim  for  nuofene  in  EPA  i 
pho^rescenc*  sJiowi.  u (he  right,  fiyten  from  Referena  S4) 


77K  shown  at  left. 


iMcnen,  although  the  nuonsceiice  spectrum  for  2.3-ben2ofluorene  was 
match  the  observed  spectn. 


CHAPTER  5 

CONCLUSIONS  AND  FUTURE  WORK 

TJle  focus  of  Uiis  work  was  lo  develop  i phosphorescence  deleclor  capable  of 
delecting  PAH  fractions  from  a GC  as  they  eluted  from  the  column.  Such  a system 
should  be  able  lo  sample  continuously,  be  self-cleaning,  and  be  reproducible.  It  was 
also  desired  that  the  detector  be  versatile  so  that  different  spectroscopic  conditions 
could  be  accommodated.  The  objectives  were  that  the  detector  couple  separation 
resolution  with  spectral  resolution.  Thus,  varying  eaperiraenlal  conditions  and 

quantitative,  but  was  meant  lo  eaploie  the  possibilities  of  new  direcdons  for 
instrumentation  with  the  focus  of  finding  a detector  capable  of  analyzing  complex 
environmenial  samples. 

In  the  work  done  by  Jones  [29],  the  chamber  was  self-cleaning,  but  only 
discrete  samples  could  be  observed.  The  melhod  required  that  several  injections  be 
made  until  the  opiimai  position  of  the  sample  bead  was  achieved.  With  practice  this 
was  minimized,  bur  reproducibility  suffered,  and  time  urns  wasted.  In  the  work  by 
Clos  (33],  placement  of  sample,  by  the  capillary  reduced  greatly  ibe  radius  of  the 
sample  ^i,  and  prevented  the  bell  from  freezing  to  the  cold  head  of  the  cryostat. 
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disadvantage  that  sample  loading  was  decreased  aboul  lenfold.  Addilionally,  in  the 
work  by  Clos  (33).  the  bell  was  motorized,  expanding  the  udliiy  of  the  detector  to 
continucnis  sampling  operation.  However,  the  moiion  was  sporadic:  the  bell  slipped 
and  did  not  move  at  an  even  pace.  In  addition,  Ihe  system  exhibiled  a high 
background  signal. 

In  this  work,  most  of  the  drawbacks  of  the  previous  systems  (29,33)  were 
addressed.  Perforating  the  sample  bell  and  changing  lo  a gear  drive,  made  the  belt 
moiion  smooth  and  reproducible.  By  increasing  the  throughput  of  the  vacuum  system 
and  devising  an  aJiemale  method  of  adding  the  matrix  gas,  the  high  background 
exhibiled  in  previous  work  vras  removed. 

The  GC  transfer  line  design  used  in  the  previous  work  was  very  awkward 
and  fragile.  To  eliminate  this  problem,  the  bulkhead  design  was  developed  in  this 
work,  and  was  found  to  be  simpler  and  more  sturdy,  lls  simplicity  also  allowed 
greater  ease  In  positioning  the  capillaries.  Although  the  interface  used  by  Clos  (33) 
had  a feature  allowing  capillary  positioning,  it  was  ineffective.  The  bulkhead 
interface  used  in  the  present  studies  positioned  Ihe  capillary  close  lo  the  bell  without 
touching  it,  and  sample  was  dqiosiled  evenly  and  reproducibly. 

The  dual  capillary  transfer  line  created  in  this  work,  allowed  deposllion  of  the 
sample  along  wiih  the  mabii  of  choice.  In  this  way,  the  separation  was  not  afTecied 
by  Uie  addiUon  of  a matrix  gas  to  the  carrier  gas.  The  use  of  two  capillaries  did  not 
increase  the  pressure  noticeably  from  that  of  a single  capillary,  allowing  this  meihod 
to  be  operated  under  lower  pressure  conditions  titan  before  P3). 


dir  develDpctl  in  this 


nising.  Currently, 


the  common  means  of  adding  liquids  to  vacuum  is  through  Ihe  use  of  a Knudsen  cell, 
a cell  in  which  a sample  is  placed  and  healed:  sample  is  allowed  to  flow  ihrou^  an 
orifice  In  the  cell  lo  the  system.  Alternately,  a hulh  of  liquid  is  placed  in  line  with 
the  vacuum  system  so  ihai  Ihe  liquid  is  volatilised  at  Ihe  reduced  pressure  and  drawn 
into  the  vacuum  chamber.  In  both  of  these  sample  delivery  methods,  there  is  a finite 
sample  volume,  and  no  flow  conuol.  Tbe  solvent  reservoir  was  capable  of  delivering 
the  hexane,  demonstrated  by  the  enhanced  resolution  of  the  spectra  taken  with  it.  The 
solvent  flow  could  be  controlled,  and  It  was  easily  refilled  wilhoul  breaking  vacuum. 
Purther  study  was  needed  to  oplimiae  its  performance,  as  only  two  of  Ihe  components 

compounds,  however,  which  did  not  occur  in  the  absence  of  hexane. 

The  greatest  difficulties  encountered  along  the  way  involved  the  heating  of  Ihe 
iransferline.  This  work  modified  the  design  previously  used  by  Gos  [33|.  In 
retrospect,  it  is  clear  that  a iransfex  line  of  silica  lined  stainless  steel  would  have  been 
more  appropriale  in  that  the  electrical  leads  could  be  connected  directly  to  Ihe  transfer 
line  and  because  the  heal  transfer  to  the  sample  urould  be  more  efiideni.  The  gap 
between  ihe  sample  capillary  and  Ihe  walls  of  the  transfer  line  were  under  vacuum 
hence  served  a thermal  insulation  capacity.  The  measured  temperature  of  the  liansfer 
line  was  not  an  accurate  mea.sure  of  the  temperature  to  which  the  sample  was  subject. 

AddiUonally,  a slightly  more  el^rale  electrical  control  was  necessaiy  for  this 


I spent  repairing  and  reworking  the  electrical 


Dilate  spikes  ihsl  normally  passed  Ihrough 
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Uie  electrical  lines  wrouglil 
havoc  on  the  observed  temperature  of  the  transfer  line.  Melted  electrical 
components,  scorched  capillaries  were  common  problems.  It  was  also  not  clear  as  to 
bow  uniform  the  heating  vras.  If  there  were  cool  spots  in  the  ttaitsfer  line,  the  later 
eluting  compounds  would  be  reuuned  far  more  than  they  should  have  been.  Because 
the  chromatographic  peaks  for  the  later  eluting  compounds  were  broadened,  it  was 
assumed  that  such  cold  spots  eaisted.  Additionally,  there  was  no  means  of  measuring 
the  temperature  inside  Ihe  chamber.  It  was  suspected  that  the  temperature  inside  the 
chamber  was  higher  than  that  oulsde  because  of  decreased  collisional  energy  transfer. 

While  the  solvent  reservoir  was  simple  in  design,  eluant,  and  inexpensive, 
diflicullies  were  encountered  in  its  use,  especially  In  Ihe  means  of  its  heating.  A 

temperature  with  the  water  bath  used  (due  to  its  enormous  thermal  transfer  with  the 
surroundings)  was  only  70  *C.  If  the  reservoir  were  maimained  at  a higher 
temperature,  the  flow  rate  of  solveni  vapor  would  greatly  increase.  Additionally,  a 
larger  cylinder  would  be  useful.  The  cylinder  used  required  refilling  after  about  two 
hours  of  operation.  The  refilling  process  was  quite  simple,  however,  because  as  the 

The  data  collected  showed  that  the  amount  of  matrix  added  had  a large  effect 
on  the  signal  intensities  and  peak  shapes.  These  studies  also  underscored  the 


imporlance  of  selecting  i 


techniques.  The 
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phosphorescence  si|nal  increased  consideisbly  with  hexane  compared  to  a^on,  which 
showed  the  uUllly  of  such  an  oplimizalion.  In  order  to  obtain  good  quantitative  data, 

due  solely  to  aggregation  efTects.  Due  to  the  dlffenng  quantum  efficiencies  of 
differenl  compounds,  it  may  be  useful  to  optimize  this  ratio  for  select  test  compounds. 
For  qualitative  information,  four  parameters  can  be  conirolled:  the  solvent 

narrow  linewidth  excitation  source  to  reduce  the  number  of  sites  excited.  This  will 
have  the  disadvantage  of  selecting  certain  compounds,  and  omitting  many  others, 
however.  For  many  of  the  PAH  compounds,  however,  it  is  likely  thal  there  will  be  a 

Fulura  Work 

This  work  demonstrated  the  feasibility  of  a dual  capillary  transfer  line,  and  of 
a solvent  reservoir  for  a source  of  matrix.  For  future  work,  it  would  be  useful  to 
redesign  the  chamber  In  order  to  decrease  the  length  of  the  transfer  line,  decreasing 
the  possibility  of  cold  spots.  Additionally,  the  largest  ilange  on  the  vacuum  chamber 
was  six  inches.  The  lurtioraolecular  pump  used  had  a ten  inch  flange,  meaning  thai 
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The  solvent  reservoir  should  he  increased  in  capacity,  and  healing  should  be 

cylinder  was  rated  to  a pressure  of  1200  psi,  and  so  it  was  unlikely  that  an  esplosion 
could  occur.  With  these  changes,  the  reservoir  would  be  useful  for  a longer  period  of 
time,  and  higher  teinperalure  could  be  achieved,  resulting  in  increased  vapor  flow. 

To  protect  against  voltage  surges  and  to  ensure  reproducible  heating,  an 
electronic  feedback  cireitil,  similar  lo  thal  used  by  Hail  p7]  should  be  used. 

Finally,  it  is  clear  that  white  light  is  not  a viable  source  for  such  a detection  method. 
Even  Ihe  wavelength  selection  afforded  by  a monochromator  would  be  sufficienl  to 
reduce  the  observed  specual  linewidihs  and  enhance  spectral  resolution. 

From  Ihese  sludies,  several  concluaons  can  be  drawn.  First,  ifaShpoI'skii 
solvent  is  available  for  analytes  being  observed,  its  use  as  a matrix  would  be  highly 
advantageous.  Shpol'skii  spectra  taken  in  an  appropriate  solvent  have  higher  inlensity 
lines,  decreased  linewidihs,  and  enhanced  resolution  than  .spectra  taken  in  other 

argon  still  allowed  enhancemem  of  the  phosphorescence  signal.  It  was  clear, 

a necessity  for  matrix  isolation  spectroscopy  if  Shpol’skii  solvents  are  not  used, 
requiring  thal  excitation  wavelength  selection  sludies  musi  be  performed. 

Due  to  the  minimal  residence  time  of  the  sample  on  the  cold  head,  it  is  not  likely  that 


ning  Uie  i 


enormous  for  a chrociutographic  separation. 

Finally,  it  would  be  useliil  to  employ  a high  resolution  spectrometer,  such  as 
an  echelle  polychromator  with  CCD  (Charge  Coupled  Device ) detection.  The 
detection  of  complex  samples  retguiied  that  a wide  range  of  wavelengths  be 
monitored.  With  a photodiode  array,  this  required  that  a low  resolution 
monochromator  be  used,  and  so  the  spectrograph  may  not  be  capable  of 

polychromator  with  CCD  detection  would  give  high  resolution  spectra  over  a broad 
wavelength  range.  Such  a detection  system  would  couple  the  advantages  of  the  high 
throughput  and  resolution  of  the  echelle  system  with  the  multi-dimensional  array  of 
the  CCD.  Such  specirographs  have  recently  been  used  with  success  in  ICP  analysis 
[SS.56],  and  seem  ideally  suited  for  this  type  of  analysis. 
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